Abstract. This paper presents a small-scale prototype of a wind-photovoltaic hybrid system, having batteries as energy storage components. All devices are connected to a common dc-bus using appropriate power converters. The photovoltaic modules are connected through a dc-dc buck converter using Perturb and Observe Maximum Power Point Tracking control. The permanent magnet synchronous generator (wind generator) power interface is composed of a three-phase diode-bridge rectifier followed by a buck converter. A bidirectional buck-boost converter is applied to the batteries in order to control the dc-bus voltage, to which the load is directly connected. The whole hybrid system was built as a laboratory prototype, by using a dSPACE digital controller. Several experimental results are presented in order to analyze the system performance under both steady state operation and transients.
Introduction
Renewable energy generators such as photovoltaic modules and wind generators have seen a great development during the latest decades and are currently considered mature and robust equipments. Their worst drawback is related to their dependence on climatic conditions resulting in an intermittent and unpredictable output power, which is not trustworthy for many applications. Therefore, their off-grid application always involves energy storage systems to match the power demand, overcoming the reduced generation by storing the surplus energy. To increase the reliability of such systems, different types of generators and energy storage components can be combined for an autonomous energy supply. Usually named as standalone power systems [1] , their reduced need of maintenance and fuel-free operation makes them attractive for a great number of applications, especially in remote areas, where providing a grid connection can be highly expensive or even unfeasible [2] . Optimization of their sizing, simulation models and energy management are the greatest issues focused by research to improve the performance of these systems [3] [4] [5] . Although power electronic converters play a crucial role in conditioning the intermittent and variable power supplied by the generators, they are usually assumed as standard topologies for these applications and they have not been properly addressed in the literature yet [6] .
Throughout this paper a standalone renewable energy based hybrid system is presented and thoroughly analyzed, focusing on the components that dominate its performance: power electronic converters. An experimental setup was designed, built and tested. It includes a photovoltaic (PV) array, a permanent magnet synchronous generator (PMSG), a battery pack, and a digital controller that allows for real-time control and monitoring of all power converters. The main goal is to supply a DC load with a constant voltage of 50 V reliably. The obtained results show that the chosen power converters and respective control methods are suitable for this kind of systems, making clear the major role of them for the achievement of the desired overall system performance.
Contribution to Value Creation
The present work is a step further for the creation of reliable, sustainable and environmental friendly ways of providing energy without a grid connection. This is particularly useful for applications in remote places, such as, for instance, radio base stations, where to provide a grid connection can be quite expensive and the conventional gensets might have unwanted additional maintenance costs [2] . Therefore, the study of power electronic converters for these systems contributes to the growth of economic value [2] .
Prototype Description
The hybrid system ( Fig. 1) is composed of a PV array and a wind conversion system based on a PMSG as the main sources, a battery pack for energy storage and backup, and a resistive load. The main goal is to supply the load demand, keeping its input voltage constant at 50 V, using the intermittent energy provided by the generators, whose fluctuations are balanced by the batteries. All this components are connected through suitably chosen and designed dc-dc converters, which provide optimization and conditioning for each component output power.
The PV array is connected to the hybrid system through a buck DC-DC converter, as illustrated in Fig. 1 . It controls the PV array output voltage, so that its maximum power point can be tracked using the Perturb and Observe algorithm, which is described in [7] . This solution was chosen for its simplicity, maturity and efficiency. The employed wind generator is a permanent magnet synchronous generator (PMSG) and its three-phase output voltage is rectified by a diode-bridge rectifier which is followed by a buck dc-dc converter similar to the one applied to the PV array, as shown in Fig. 1 . The PMSG electromagnetic torque is controlled through the buck converter by controlling the value of the current PMSG i . A buck-boost converter is responsible for keeping the load input voltage at 50 V ( ) DC V , through the appropriate control of the charging or discharging of the batteries. Therefore, the quantities required by the control system are: PMSG i , PV i , PV V and DC V (Fig. 1) . The remaining quantities are only used for the analysis of the proposed hybrid system.
The batteries must be properly protected from overcharging and deep discharging. However, battery energy management issues are not the main concern of this paper and usually applied options such as dump loads and load shedding are not considered.
The experimental setup is shown in Figs Tables 1, 2 and 3 present the PMSG, PV modules and converters parameters, respectively. As depicted in Fig. 2 , all components have a modular structure, so that the system can be easily changed or redesigned.
The control strategies were implemented in the DS1103 digital controller board, using a sample time of 20 µs. The switching frequency imposed through the PWM techniques was 6 kHz for the three dc-dc converters.
Experimental Results
Using the whole prototype setup previously described, several results were recorded and analyzed, using the dSPACE ControlDesk and Matlab/Simulink softwares.
Different operating conditions are considered in order to properly evaluate the system performance. On the one hand, under steady-state operation different battery operating modes were considered (charging/discharging). On the other hand, transient occurrences such as load and wind power generation changes were imposed.
The number of used PV modules was intentionally chosen so that the power provided by the PV array was not enough to supply the load. Therefore, by changing the PMSG load torque, it is possible to change the battery operation mode. Accordingly, for a reduced PMSG load torque, the battery will have to discharge to balance the load demand, whereas the battery will charge for a high PMSG load torque, since in this case the generated power (from both PV and PMSG generators) exceeds the load demand. The PMSM drive controller is suitable for speed control. For all considered operating conditions a constant speed reference of 600 rpm was imposed. As a consequence, the PMSG speed is constant and its load torque can be controlled through the reference value for PMSG i . During all conditions, the battery together with its power interface keeps the load voltage constant at 50 V, as required, and balances the power production according to the load demand. The main goal of the analysis is to study the interactions between all the converters, their performance, and the system stability.
Steady-State Operation
Figs. 4 and 5 show all the acquired electrical measurements on the system for two distinct situations. As the PV array is not being emulated, its output cannot be changed, and its maximum output power (tracked by the converter control) remained almost constant at 118 W. Changes in the power produced by the photovoltaic array occur very slowly. On the contrary, the emulation of the wind turbine permits to introduce changes at any time and to study how the system reacts.
In Fig. 4 , the results depicted are the load, generator, PV and battery voltages, currents and powers for a PMSG load torque equivalent to 17% of the rated torque. The power produced by both generators is not enough to supply the load demand. Therefore, the battery discharges while keeping the load voltage at 50 V as required. In Fig. 5 , the same results are depicted for a PMSG load torque equivalent to 33% of the rated torque. By increasing the torque, the generated power increases as well. Thus, the power produced by both generators exceeds the load demand. This surplus energy recharges the battery. Its voltage slightly rises while charging as expected.
In order to analyze the dc-dc converters performance under steady-state operation, efficiency and voltage peak-to-peak ripple values were chosen as evaluation parameters. The overall dc-dc converters efficiency can be obtained for the two considered operating conditions as follows:
In the first case (Eq. 1), all the sources supply the load, in other words, all the power flows to the load. In the second case, the power generated by the renewable sources flows to the load and to the battery, which means that it supplies the load and charges the battery. It is worth noting that the minus sign in Eq. 2 results from the adopted convention for the battery current, which is negative when the battery is charging. Consequently, the converters efficiency level calculation depends on the battery operating mode.
In both operating conditions, the overall dc-dc converters efficiency values are high and similar, showing a quite good performance. The obtained voltage peak-to-peak ripple values were similar for the two considered operating conditions. They are shown in Table 4 . The values are quite good for any DC power application, such as water pumping, radio base stations, among others. 
Transients
The dynamic performance of the experimental setup for PMSG transients and varying load conditions are depicted in Figs. 6 and 7, respectively. Fig. 6 illustrates the electric parameters (voltage, current and power) of the generators, battery and load when such changes occur. At 0.13 s the PMSG load torque was increased from 17 % to 33% of the rated torque, by increasing the reference of PMSG i . As expected, the PMSG output voltage decreases and its current and generated power increase. This increase of the power injected into the dc-bus leads to an increase of dc V , which is immediately counteracted by the buck-boost controller in order to keep dc V constant. However, a slight increase of dc V causes an increase of PV V , resulting in a simultaneous reduction of the PV power. Following the stabilization of dc V , the PV power returns to its previous value and the system reaches the steady-state. In spite of the battery change to the charging mode, the output voltage of the battery remains almost unaffected, showing its slow dynamic response. In addition, Fig. 6 shows that the system transient response is relatively fast.
A load transient can be seen in Fig. 7 . At 0.4 s a load reduction from 234 W to 129 W was introduced, by controlling manually a variable load resistance. Once more, a transient is responsible for a momentary variation of dc V , which is mainly reflected in the PV quantities. The PMSG outputs present a high immunity to this transient, remaining practically unchanged. Then, also for a load transient, the system presents a relatively fast dynamic response. 
Conclusion
Taking advantage of the complementary nature of PV and wind generators, this paper proposes a hybrid system having these two as the main power sources. Although they are intermittent energy producers and dependent on the climatic conditions, the addition of a battery as an energy storage and backup balances any fluctuations. The addition of appropriate power converters and control strategies permitted to obtain an optimal and reliable operation of this system. The performed experimental setup allowed to study the power converters employed in a hybrid system including a PV array, a PMSG and a pack of batteries. A complete description of this hybrid system was presented. The parameters of all components were given and the control of the power converters was explained. The obtained results have shown a great performance of the whole system and a good efficiency of the power converters. Different transients were introduced and the system rapidly adjusted to new steady states. The voltage of the common dc-bus was successfully kept constant under several operating conditions and the load demand was always assured by the hybrid system, confirming the effectiveness of the latter in supplying smoothed power for any standalone application.
